Wavelet transformation was applied as an elimination method of influence by an interfering substance on an amperometric biosensor. The current responses of a bi-enzyme type lactose biosensor in a solution containing both lactose and ascorbic acid were analyzed by wavelet transformation. The power spectrum density for ascorbic acid was detected selectively at around 0.125 Hz. The current component due to ascorbic acid was eliminated at 98% from the current response of the biosensor by wavelet transformation.
Introduction
An amperometric enzyme biosensor has been applied to a wide variety of fields, such as food, 1 medical 2 and environmental analysis. 3 An enzyme itself, immobilized on an electrode surface, possesses a high reaction selectivity.
However, electrochemically active species, such as ascorbic acid and uric acid in a sample solution, often interfere with electrochemical detection. 4 A selective permeable membrane immobilized with an enzyme on an electrode surface is available for the elimination of interfering substances. [5] [6] [7] However, in some cases, the selective permeable membrane cannot eliminate the interfering substances completely. In addition, most amperometric enzyme biosensor tips are disposable. In this case, if the cost of the membrane is expensive, the price of one biosensor tip may be very expensive. 8 Kuwabata et al. [9] [10] [11] applied electrochemical impedance spectroscopy (EIS) to electrochemical glucose sensing without any selective permeable membranes. EIS is one of the nondestructive methods for measuring the current response to the application of sinusoidal AC voltage at various frequencies. Each reaction process of multiple electrochemical reactions can be analyzed independently by EIS if the reaction time constants of the multiple electrochemical reactions are considerably different. 12 Although EIS is a very powerful tool for the elimination of interference on biosensor tips without any membrane, it is not well suitable for real-time monitoring using an amperometric biosensor for following reasons:
(1) Time information is missing.
(2) The impedance spectrum is distorted when the baseline current of the biosensor is drifted. Thus, in the present paper, we focus on wavelet transformation (WT) as a new analytical method to eliminate the influence by interfering substances. WT is one of the wave analysis methods like fast Fourier transformation (FFT). WT gives the power spectrum densities along with the recording time, and the time variation of the spectra can be discussed. 13 WT allows easy elimination of background noise and a correction of the baselines.
14-18 Fang et al.
14 applied WT to voltammetry measurements to eliminate the noise current, and showed that the signal-to-noise ratio was improved. Zuppa et al. 15 and Ding et al. 16 analyzed the responses of gas sensors by WT, and was able to correct the drifted baselines. We recently analyzed the current responses of an amperometric glucose biosensor and an algal biosensor by WT, and reported that the noise currents were clearly removed. 17, 18 WT is also useful for the identification of each reaction process of multiple electrochemical reactions while retaining the time information. Gao et al. 19 reported that WT was applicable to the simultaneous determination of o-nitroaniline, m-nitroaniline and p-nitroaniline from overlapping peaks of a differential pulse voltammogram.
However, to our best knowledge, there are no reports about the utilization of WT for the elimination of interfering substances on an amperometric enzyme biosensor response. In the present paper, we firstly discuss the availability of WT for the elimination of influence by interfering substances using simulated waves, which are assumed to be typical current responses of amperometric biosensor. Then, the current responses of a bi-enzyme type lactose biosensor in a solution containing lactose and ascorbic acid are analyzed by WT.
Theory of Wavelet Transformation
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A small localized wave, namely a wavelet, is used in WT. The wavelet, ψa,b(t), is a family of basic functions that are localized in the time domain, given by
parameter, respectively. We have applied a Mexican-hat wavelet to a mother wavelet. This wavelet is described as
The wavelet coefficient, f˜ (a,b) , is obtained by a convolution integral of the mother wavelet and the original data in the time domain, f (t), as follows:
The wavelet is stretched or dilated by changing in the scale parameter, a. By increasing a, the mother wavelet is stretched, and the convolution integral of time-series data, f (t), gives low-frequency data. By changing the time parameter, b, the mother wavelet is shifted on the time axis; the center time of the mother wavelet means the time for the wavelet coefficient. The pseudo-frequency, f, of f˜(a,b), can be described as
where fc and fs are called the center frequency of the Mexican-hat wavelet and the sampling frequency, respectively. The sampling frequency is the number of samples per unit of time. For example, when the sampling frequency is 10 Hz, 10 data are obtained per second. The center frequency is the frequency in which the maximum power spectrum density (PSD) shows when a mother wavelet is converted in the frequency region by a fast Fourier transform. In the case of the Mexican-hat wavelet, the center frequency is 0.2 Hz. The square of the wavelet coefficient corresponds to the power spectrum density,
Experimental
A bi-enzyme type lactose biosensor was prepared by referring to references.
20,21
A home-made type screen-printed carbon electrode (surface area = 20 mm 2 ) was washed by ultra-pure water in an ultrasonic cleaner prior to use; then, 10 μL of a methanol solution containing saturated tetrathiafulvalene (TTF), 10 μL of a β-galactosidase solution (β-Gal, 350 U, EC 3.2.1.23 from Escherichia coli, Wako Chemical, Japan), and a glucose oxidase (GOD) solution (175 U, EC 1.1.3.4 from Aspergillus niger, Wako Chemical, Japan) were casted on the carbon electrode surface in turn. After casting each solution, the carbon electrode was kept at room temperature for 1 h. Next, 10 μL of a 1% (w/v) bovine serum albumin (BSA) solution and 10 μL of a 5% (w/v) glutaraldehyde (GA) solution were dropped to immobilize the β-Gal and GOD by cross-linking reaction with GA and BSA.
All electrochemical measurements were performed by a three-electrode method in a 66.4 mmol dm -3 phosphate buffer solution. The volume of the phosphate buffer solution was 50 cm 3 . The phosphate buffer solution was agitated using a magnetic stirrer at 150 rpm. Platinum wire and silver/silver chloride (Ag/AgCl) were used as counter and reference electrodes, respectively. The chronoamperometry was carried out by a digital potentiostat (ALS-802A, BAS) at a potential of 0.35 V vs. Ag/AgCl.
Results and Discussion
Wavelet transformation of simulated sigmoidal waves
A typical current response of an amperometric enzyme biosensor is known to exhibit a sigmoidal shape on the time axis. 22 Firstly, we discuss the availability of WT for elimination of interfering substances by using simulated sigmoidal waves. Simulated sigmoidal waves were prepared by a Gompertz function using Microsoft Excel. Figure 1(a) shows the simulated sigmoidal waves (wave A, B and C). Waves A and B were assumed to be the responses of objective and interfering substances for an amperometric enzyme biosensor, respectively. The intensities of the simulated sigmoidal waves increased from 10 s. Wave C was prepared by summing waves A and B.
A time constant of the sigmoidal wave, which is used to characterize the frequency response of the sigmoidal wave, is defined as the time until the intensity of the sigmoidal wave becomes a constant value. The time constants of waves A and B are represented as τA and τB, respectively. In the case of the waves in Figs. 1(a) and 1(b) , the values of τA and τB were calculated to be 1.05 and 3.68 s, respectively. It is noted that the time constant of the biosensor response depends on several parameters, such as the enzymatic reaction rate, the electrode reaction rate, the diffusion rate of a mediator, and the structure of the immobilized membrane.
The power spectrum density (PSD) of waves A, B and C was calculated by Eq. (5). Figure 1(b) shows a 3D plot of PSD with time and the pseudo-frequency for waves A, B and C. The analysis range of the pseudo-frequency is 0.1 -25 Hz. The PSD signal of wave A clearly increased with an increase of the pseudo-frequency in the vicinity of 10 s. On the other hand, the PSD signal of wave B was totally smaller than that of wave A.
The characteristic frequencies of waves A and B (fCA and fCB) can be calculated from the following equation:
The values of fCA and fCB were 0.15 and 0.043 Hz, respectively; fCA matches the analysis range of the pseudo-frequency (0.1 -25 Hz). Thus, the PSD signal of wave A clearly appeared in the present analysis.
The shape of the spectrum of wave C is very similar compared with that of wave A in all ranges. Figure 2 shows the PSD-time curves of waves A, B and C at 2.5 Hz (Fig. 2(a) ) and 0.2 Hz (Fig. 2(b) ). In the case of 2.5 Hz, the plane symmetric double peaks were observed in the case of waves A and C. The double-peak shape is due to convolution between the ideal centrosymmetric sigmoidal wave and the Mexican-hat wavelet. The PSD value of wave C is the same as that of wave A at 2.5 Hz. On the other hand, no peak was observed for wave B at 2.5 Hz. This result indicates that the components of waves A and B are separated from that of wave C at 2.5 Hz. On the other hand, the PSD value of wave C at 0.2 Hz did not agree with that of waves A and B since the components of waves A and B were mixed at 0.2 Hz.
We defined the separation efficiency by the following equation:
PSDmax is the maximum value of PSD for the analysis of one sigmoidal wave at a specific frequency. The correlation of the separation efficiency and τB/τA was calculated at 0.1, 0.25, 0.5, 1.25 and 2.5 Hz (Fig. 3) . As shown in Fig. 3 , the separation efficiency became 100% when τB/τA > 3. This result indicates that the component of wave A can be completely separated from that of wave C by WT when τB/τA > 3. In other words, the elimination of interfering substances on the amperometric biosensor response may be achieved by WT when τB/τA > 3.
The component of wave B can also be separated from that of wave C by the following procedures. The relationship of the intensities of waves A, B and C are represented as
where IwaveA, IwaveB and IwaveC are the intensities of waves A, B and C, respectively. The linear relationship between PSDmax(waveA) and IwaveA is represented as
where k and Z are a proportionality factor and a constant. In the case of the ideal centrosymmetric sigmoidal wave, obtained theoretically, Z takes 0 since no background noise and drifted currents are considered. On the other hand, if IwaveA is obtained from an experimental result, Z may be considered in Eq. (9) . From the Eqs. (8) and (9), IwaveB can obtained as follows:
Thus, the component of wave B can be separated by Eq. (10). Wavelet transformation of the current response of a lactose biosensor Next, we analyzed the current responses of a bi-enzyme type lactose biosensor in a solution containing lactose and ascorbic acid by WT. In the present bi-enzyme type lactose biosensor, β-Gal and GOD were immobilized by a cross-linking reaction with GA and BSA. In addition, TTF was incorporated by cross-linked BSA. The reaction scheme of the bi-enzyme type lactose biosensor is shown in Fig. 4 . 21 Lactose is disaccharide, and is hydrolyzed to D-galactose and D-glucose by β-galactosidase. The D-glucose generated is oxidized to gluconolactone by glucose oxidase (GOD). GOD changes to the reduced form. The reduced GOD reacts with a mediator, oxidized tetrathiafulvalene (TTF + ). The TTF + is reduced to tetrathiafulvalene (TTF). TTF is diffused and oxidized on the carbon electrode surface. As a result, the current increases when lactose is present in solution. Ascorbic acid, which is known to be a typical interfering substance for an amperometric biosensor, 23 is oxidized on the carbon electrode surface directly. Figure 5 depicts the typical current-time responses achieved with the bi-enzyme type lactose biosensor for the addition of a 2 mM lactose solution (solid line), a 2 mM ascorbic acid solution (dashed line) and a 2 mM lactose + 2 mM ascorbic acid solution (dotted line) at 0.35 V vs. Ag/AgCl. The temperature was 25 C. The solutions were added at 600 s. As shown in Fig. 5 , the oxidation current increased with the addition of both lactose and ascorbic acid by the oxidation mechanisms mentioned above. The time constant of the current responses of lactoce (τLAC) and ascorbic acid (τASC) were about 300 and 56.3 s, respectively. It is noted that the concentrations of the lactose and ascorbic acid solutions are expressed as the concentrations of the stock solutions, not the final concentrations.
In the case of a 2 mM lactose + 2 mM ascorbic acid solution, as shown in Fig. 5 , it was found that each concentration of lactose and ascorbic acid could not be determined from the current response separately. On the other hand, the time constant of lactose was found to be about 5-times larger than that of ascorbic acid (τLAC/τASC = 5). The difference in the time constants satisfies the requirement for separation of the current responses by WT. Therefore, we analyzed the current responses shown in Fig. 5 by using WT. Figure 6 shows 3D plots of PSD with the time and pseudo-frequency for the current responses shown in Fig. 5 . The analysis range of the pseudo-frequency is 0.1 -25 Hz. The 3D plots shown in Figs. 6(a), 6(b) , and 6(c) correspond to the current responses of a 2 mM lactose solution, a 2 mM ascorbic acid solution and a 2 mM lactose + 2 mM ascorbic acid solution, respectively. Fig. 7 are not ideal centrosymmetric sigmoidal waves. In this case, the frequency components of the current response curve differ from that of the centrosymmetric sigmoidal wave.
The separation efficiencies of ascorbic acid (solid line) and lactose (dashed line) were plotted against the pseudo-frequency (Fig. 8) . The separation efficiency of ascorbic acid took a maximum value of 98% at 0.125 Hz. On the contrary, the separation efficiency of lactose was about 0%, regardless of the pseudo-frequency in the range from 0.025 to 1.250 Hz. From these results, it was concluded that almost all of the current component due to ascorbic acid could be eliminated from the current response of the biosensor.
If the concentrations of lactose and ascorbic acid in an unknown sample are determined by WT, the following steps should be taken:
(1) The calibration curves of lactose and ascorbic acid are prepared in advance. (2) The relation between the PSDmax at 0.125 Hz and the current of ascorbic acid is plotted in advance. (3) The current due to ascorbic acid in the unknown sample is determined from PSDmax at 0.125 Hz. (4) The concentration of ascorbic acid is determined by the calibration curve. (5) The current due to lactose is estimated by Eq. (11) . It is noted that the current response of the bi-enzyme type lactose biosensor for lactose and ascorbic acid is independent, respectively.
where itotal, ilac, iasc are the current of lactose and ascorbic acid, lactose, and ascorbic acid, respectively. (6) The concentration of lactose is calculated by the calibration curve. From these results, it is concluded that the approximate concentrations of lactose and ascorbic acid can be estimated separately by WT. WT can be applied to simultaneous measurements in the case of a multiple interfering substances other than ascorbic acid if the each time constant of the multiple interfering substances is very different with that of the objective substance.
Conclusions
The availability of WT for eliminating the influence on interfering substances was investigated by using simulated waves that assumed typical current responses of the amperometric biosensor. It was found that each component of two different waves was handled independently when the time constant of one wave was 3-times larger than that of the other wave.
The current responses of a bi-enzyme type lactose biosensor in a solution containing both lactose and ascorbic acid were analyzed by WT. The time constant for lactose was about 5-times larger than that for ascorbic acid. The power spectrum density (PSD) for ascorbic acid was detected selectively at around 0.125 Hz. The current component due to ascorbic acid was eliminated at 98% from the current response of the biosensor.
This technique will contribute to the fabrication of various low-cost biosensors using enzymatic reactions, since a complicated design with the membrane of a biosensor is not necessary. 
